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Abstract—Terahertz (THz) band communication has been
widely studied to meet the future demand for ultra-high capacity.
In addition, multi-input multi-output (MIMO) technique and
non-orthogonal multiple access (NOMA) technique with multi-
antenna also enable the network to carry more users and provide
multiplexing gain. In this paper, we study the maximization of
energy efficiency (EE) problem in THz-NOMA-MIMO systems
for the first time. And the original optimization problem is
divided into user clustering, hybrid precoding and power op-
timization. Based on channel correlation characteristics, a fast
convergence scheme for user clustering in THz-NOMA-MIMO
system using enhanced K-means machine learning algorithm is
proposed. Considering the power consumption and implemen-
tation complexity, the hybrid precoding scheme based on the
sub-connection structure is adopted. Considering the fronthaul
link capacity constraint, we design a distributed alternating
direction method of multipliers (ADMM) algorithm for power
allocation to maximize the EE of THz-NOMA cache-enabled
system with imperfect successive interference cancellation (SIC).
The simulation results show that the proposed user clustering
scheme can achieve faster convergence and higher EE, the design
of the hybrid precoding of the sub-connection structure can
achieve lower power consumption and power optimization can
achieve a higher EE for the THz cache-enabled network.
Index Terms—Terahertz communication, NOMA, imperfect
SIC, MIMO, hybrid precoding, power optimization.
I. INTRODUCTION
The terahertz (THz) band is located between infrared and
microwave, and the frequency range is 0.1 THz-10 THz.
Using THz wave as carrier signal of wireless communication,
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high-speed broadband wireless communication is one of the
most interesting problems of THz [1]. The THz band is
3-4 orders of magnitude higher than the current wireless
communication band commonly used in mobile phones, which
can provide huge communication bandwidth [2]. THz commu-
nication has the advantages of large capacity, good direction,
strong confidentiality and strong anti-interference ability. So
the THz wave based high data rate short-range broadband
wireless communication is feasible. In the terrestrial wireless
communication, THz communication can obtain tens of Gb/s
wireless transmission rate, which is significantly better than the
current ultra-wideband technology [3]. Compared with low-
frequency wireless channel, although THz channel has larger
free transmission attenuation loss and atmospheric molecule
and water droplet absorption attenuation, high-speed commu-
nication in THz band can still be achieved in short distance
by improving the gain of transmitting antenna and receiving
antenna. In order to achieve the communication rate of 10
Gb/s or higher in the future, non-orthogonal multiple access
(NOMA) and multi-input multi-output (MIMO) technology
[4]–[6] in the existing microwave communication technology
are also needed to improve the energy efficiency (EE).
Compared with the orthogonal multiple access (OMA)
system, NOMA enables wireless communication to serve
more user loads and requirements, which can improve the
system throughput. In addition, weak users with successive
interference cancellation (SIC) can weaken the interference
from strong users [7]. In particular, the combination of NOMA
and THz band enables a large number of antennas to be
integrated into the chips with acceptable size due to the
small wavelength of THz. Furthermore, the severely strong
correlation channel promotes multiple users to work in the
same beam, thus greatly reducing the hardware requirements
and power consumption of RF, which is also the foundation
for user clustering.
Furthermore, the precoding of MIMO system has been
widely studied in low frequency band as a key technology
to improve wireless communication capacity [8]. In partic-
ular, precoding in THz network requires lower complexity
and larger antenna size. In practice, pure digital precoding
is often not feasible, because it requires higher baseband
processing capacity, so hybrid precoding applied to THz-
NOMA system needs to be studied. Several precoding schemes
in THz have been proposed in [9]–[11]. The authors of [9]
studied the hybrid precoding scheme in THz system, including
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the maximum ratio transmission (MRT) and zero forcing
(ZF) precoding. In [10], the authors studied a single carrier
precoding and detection algorithm for frequency selective THz
channels. Moreover, the capacity characteristics and precoding
of multiple-input single-output (MISO) fading channels of
one-bit transceiver are studied in [11]. However, these studies
are far from satisfying the practical application of THz-NOMA
network.
The large band of THz network will serve huge amount of
data services, which will not only cause heavy transmission
burden, but also leads to energy cost. Caching in the BS side is
an effective solution to reduce transmission burden [12]. And
many precoding schemes for cached-enabled system have been
proposed. The authors of [13] believed that cache played an
important role in low power efficient backhaul link networks.
The precoding problem for MIMO wireless access network
supporting caching was studied in [14]. However, caching in
THz-NOMA networks still needs further study. Because the
communication capacity of THz network is much larger than
that of the existing wireless access network, which makes the
system more complex, such as the capacity limitation of the
fronthaul link.
Furthermore, although the THz band based NOMA caching
system can significantly improve data rate, it is more difficult
to design user clustering, precoding, and power optimization.
In addition, the heavy attenuation of THz band and the small
transmit power of THz transmitter make THz wave different
with the other frequency band based wireless networks. There-
fore, it is necessary to study the power optimization scheme for
THz networks to solve the problems of low transmit power.
In [15], a downlink THz-NOMA system was proposed, and
the beamforming and resource optimization problems were
studied in order to guarantee the quality of service (QoS)
requirement of users. However, this study does not consider
the effect of channel correlation for users and the EE of the
system is not measured. There are a lot of studies focusing
on user clustering and power optimization in low-frequency
band networks [16] [17]. Although there are a lot of studies
focusing on user clustering and power optimization in low-
frequency band networks, whether these schemes are suitable
for THz band networks is still need to be studied. Therefore,
the system model of resource management in THz-NOMA
networks is challenging and difficult to be solved.
To the best of our knowledge, the resource optimization
has not been well investigated in THz-NOMA networks. In
this paper, THz band and NOMA technologies are used for
the communications between small cell base station (SBS)
and users. We focus on the resource optimization problem
of user clustering, hybrid precoding, and power optimization
to maximize the system energy efficiency in a downlink
heterogeneous THz-NOMA-MIMO network. Reference [18]
is a conference version of this paper. We extend [18] in
the following ways: (1) the power allocation algorithm is
presented now; (2) we provide complexity analysis for the
proposed algorithms; (3) more simulation results are provided
to verify the proposed methods. The main contributions of this
paper can be summarized as follow:
• Firstly, a physical channel model for THz-NOMA hetero-
geneous downlink cache-enabled system is provided. Due
to the weak scattering ability of THz band communication
and its sensitivity to channel congestion, we consider a
line-of-sight (LOS) link whose path loss include spread-
ing loss and molecular absorption loss. In addition, the
system EE performance model combined with caching
model and power consumption model is given.
• In this paper, we study the problem of EE maximization
in THz-NOMA-MIMO systems and design user cluster-
ing, hybrid precoding and power optimization schemes.
We divide the original optimization problem into three
sub-problems and solving them separately.
• A fast convergence scheme for user clustering in NOMA-
MIMO system by using enhanced K-means machine
learning algorithm is proposed, which is based on channel
correlation characteristics. Considering the power con-
sumption and implementation complexity, we adopt a
hybrid precoding scheme based on the sub-connection
structure of the quantized phase shifter and the low
complexity ZF algorithm.
• Due to the limited transmitting power and error propaga-
tion of practical THz system, we derive a new expression
of data rate for residual interference in imperfect SIC
case. Considering the fronthaul link capacity constraint,
we design a distributed alternating direction method of
multipliers (ADMM) algorithm for power allocation to
maximize the EE of THz system.
• The simulation results show that the proposed user clus-
tering scheme can achieve faster convergence and higher
EE for THz-NOMA-MIMO system. At the same time,
the design of the hybrid precoding of the sub-connection
structure can achieve lower power consumption, and
power optimization can achieve a higher EE for the THz
cache-enabled network.
The rest of the paper is organized as follows. Section
II shows the system model of THz-NOMA network and
formulate the system EE optimization problem. In section III,
user clustering and hybrid precoding are designed carefully. In
section IV, power optimization for THz network is proposed.
The extensive simulation results analysis are discussed to illus-
trate THz-NOMA-MIMO system EE performance in section
V. Finally, we summarize the paper in section VI.
Notation: Bold capital letters represent matrices, and bold
lower case letters represent vectors. We use [·]H and ‖·‖p
to represent conjugate transposition and lp norm of matrices,
respectively. And j is the imaginary unit, i.e., j2 = −1.
II. SYSTEM MODEL AND PROBLEM FORMULATION
In this paper, we consider a downlink heterogeneous THz
NOMA-MIMO network, where the macro base station (MBS)
and SBSs are equipped with NT antennas and NR RF and
transmit superimposed signal information through NOMA
technology on each beam. The set of all BS is represented
as B = {1, 2, · · · , b, · · · , B,B + 1}, where B + 1 is the
MBS and the rest are SBS. As shown in Fig. 1, each
BS is equipped with a cache storage and connected to the
central controller via an error-free fronthaul link of capacity
cellular frequency links
THz frequency links
Macro BS
Small BS
File Cache
User
Fig. 1. Cache-Enabled THz-NOMA-MIMO Downlink Network Architecture.
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Fig. 2. System model of sub-connected HP architecture for NOMA-MIMO
Network.
CFHb bit/symbol. And the set of all user is represented as
U = {U1, U2, · · · , Ub, · · · , UB+1}. All users are randomly
distributed within the coverage of the MBS cell. Unlike the
MISO systems, all single-antennas users are served in the form
of clusters. Ub =
{
u1b,1, u
2
b,1, · · · , u1b,N , u2b,N , u···b,N
}
indicates
that each user is divided into N clusters, where uib,n is the
ith user in nth cluster of bth BS. In this study, the orthogonal
time-frequency resources are allocated to the clusters served
by each BS. We assume that all SBS have perfect channel state
information (CSI) for all users, and superimpose transmission
signals on each beam of each BS through NOMA technology.
Consider the MIMO-NOMA communication system em-
ploying a two-tier heterogeneous network, MBS serves
users UB+1, and all SBSs receive the data of users
{U1, U2, · · · , UB} (i.e. fronthaul data) from MBS. MBS uses
cellular network frequency band because of the need for wide
coverage. However, SBSs usually have a smaller coverage
radius, so THz band can be used to provide short-distance and
high-speed services. Then the cross-tier interference can be
ignored due to different bands. Moreover, due to the huge data
rate of THz band network, the capacity of cellular frequency
BS is much smaller than that of THz band BS, this paper will
focus on the utility of THz band BS.
A. Hybrid Analog/Digital Precoding Model
To reduce energy consumption, we consider the sub-
connected structure, where each RF chain is connected to only
part of the antennas via phase shifter and the number of phase
shifters is equal to the number of antennas as seen in Fig. 2.
Herein, the number of antennas connected to each RF chain
is equal, expressed as NsubT = NT /NR and N
sub
T should be
an integer. In order to achieve multiplexing gain, we make the
number of RF chains equal to the number of clusters, which
has been adopted by many study [9] [17].
Based on the system model and parameters mentioned
above, the signals of the users in nth cluster of BS b are
superimposed as follows:
xb,n =
Lb,n∑
i=1
√
ρib,npb,ns
i
b,n (1)
where ρb,n =
{
ρ1b,n, ρ
2
b,n, · · · , ρLb,nb,n
}
denotes the power
control factor for users of nth cluster in BS b, sb,n ={
s1b,n, s
2
b,n, · · · , sLb,nb,n
}
is the signal set of users, pb,n is the
transmit power of nth cluster in BS b, Lb,n is the number
of users of nth cluster in BS b. The transmit power for each
cluster is limited as
N∑
n=1
pb,n ≤ pb,∀b ∈ B (2)
And the power control factor at nth cluster of BS b is limited
as
Lb,n∑
i=1
ρib,n = 1,∀b ∈ B, n ∈ N (3)
Next, the superposed signal is precoded by baseband pre-
coder and phase shifters. Then, the user receives the signal
transmitted by the antenna through the THz channel H . H =
{H1,H2, · · · ,Hb, · · · ,HB |Hb = {h1b,n, · · · ,hLb,Nb,N }} is
the B × N × Ub channel matrix. Thus, the received signal
of ith user at nth cluster in BS b can be given by
yib,n = h
i
b,nAb
N∑
n=1
db,nxb,n + υ
i
b,n (4)
where Ab is the analog precoding matrix, db,n is the digital
precoding vector, υib,n ∼ CN(0, σ2b,n) is the AWGN with
zero mean and variance σ2b,n. For sub-connected structure, Ab
forms as
Ab =

asubb,1 0 · · · 0
0 asubb,2 · · · 0
...
...
. . .
...
0 0 · · · asubb,NR
 (5)
where each asubb,n at n RF chain shares the same amplitude
1√
NsubT
.
Due to the huge loss of THz channel characteristics, it is
difficult for users to receive signal from other SBSs, so the
impact between SBS is very tiny, and the intra-tier interference
between SBS can be neglected. In the THz-NOMA downlink
system, the interference in THz system includes intra cluster
interference (ICI) and multi cluster interference (MCI). Fur-
ther, the received signal of ith user at nth cluster in BS b is
represented as
yib,n = h
i
b,nAbdb,n
√
ρib,npb,ns
i
b,n︸ ︷︷ ︸
desired signal
+hib,nAb
N∑
j=1,j 6=n
db,jxb,j︸ ︷︷ ︸
MCI
+hib,nAbdb,n
Lb,n∑
j=1
√
ρjb,npb,ns
j
b,n︸ ︷︷ ︸
ICI
+υib,n︸︷︷︸
noise
(6)
As a result, the SINR of ith user at nth cluster in BS b can
be given by
γib,n =
ρib,npb,n
∥∥∥hib,nAbdb,n∥∥∥2
σ2n +
Lb,n∑
j=1
ρjb,npb,n
∥∥∥hib,nAbdb,n∥∥∥2
+
N∑
j=1,j 6=n
pb,j
∥∥∥hib,nAbdb,j∥∥∥2

(7)
Through the THz network capacity model given in [19], the
achievable rate of ith user at nth cluster in BS b can be given
by
Rib,n =
W
N
log2
(
1 + γib,n
)
(8)
where W is the THz bandwidth employed at each SBS.
B. THz Indoor Communication Channel Model
In this subsection, THz band channel model is introduced
specifically. In this paper, channel model of THz band is devel-
oped by using THz wave atmospheric transmission attenuation
model and experiential water vapor continuum absorption.
In the existing work, many THz communication models
have been proposed in [19]–[24]. And all of those models
include the LOS links and non-line-of-sight (NLOS) links.
NLOS links consist of reflected, scattered, and diffracted
paths. However, scattered and diffracted paths are usually
ignored for they only receive less power. Because of the weak
scattering ability, THz communication is sensitive to blockage
of obstacles such as walls. In particular, blocking can lead
to the difference between unblocked paths and blocked paths
[19]. In THz band, because the pathloss of NLOS link is much
larger than that of LOS link, the influence of non-LOS link
can be neglected when LOS link exists [20]. Therefore, the
NLOS link of THz channel is very limited.
The wrok in [21] mainly studied the requirement of antenna
number in THz-MIMO system. And the work in [22] studied
the influence on effectiveness of THz communication caused
by distances from transmitters to receivers. For decreasing the
computational complexity, we assume the distances are known
by SBS. So the channel gain of ith user on nth cluster of BS
b can be formulated as
hib,n (f, d) =
√
NT (
√
1
PL(f, d)Ωα
(
ϕib,n
)
) (9)
where PL(f, d) stands for the pathloss determined by THz
frequency f and distance d between BS and user, Ω is the
antenna gains, α (ϕ) is the array steering vector.
In particular, path gain consists of spreading loss Lsl and
molecular absorption loss Lmal which can not be neglected
in THz band. The spreading loss is caused by the expansion
of electromagnetic wave as it propagates through various
mediums. The molecular absorption attenuation is a result of
the collisions initiated by atmospheric gas or water molecules.
More specific affect on atmospheric attenuation is studied
in [23]. The authors researched the atmosphere molecular
absorption by utilizing the HITRAN database.
Further, the pathloss of frequency f suffers when traveling
a distance d can be expressed by:
PL(f, d) = Lsl(f, d) ∗ Lmal(f, d) =
(
4pifd
c
)2
ek(f)d (10)
or in dB:
PL(f, d) [dB] = Lsl(f, d) [dB] + Lmal(f, d) [dB]
= 20log10
(
4pifd
c
)
+ 10k(f)dlog10e
(11)
where c is the speed of light in free space, k(f) is frequency-
dependent medium absorption coefficient
For uniform linear array, the array steering vector is only
relevant to the array structure, which is given by
α (ϕ) =
1√
NT
[
1, · · · , ejpi[n sinϕ], · · · , ejpi[(NT−1) sinϕ]
]T
(12)
where ϕ stands for angle of departure.
C. Cache Model and Fronthaul Link
In this subsection, cache model in THz band is introduced
and the constraint on capacity of fronthaul link is given. In
this paper, we assume that the cache state information cf,b
is predetermined. Then, the binary variable of cache state
information cf,b is given by
cf,b =
{
1 if filef is cached by BS b
0 otherwise
(13)
If the file requested by the user has been cached by SBS,
it can be retrieved directly from the cache rather than from
MBS. Instead, uncached files need to be retrieved to MBS
via the fronthaul link. Further, the data rate of fronthaul link
between MBS and SBS b is is not difficult to obtain that
RFHb =
N∑
n=1
Lb,n∑
i=1
Rib,n
(
1− F ib,n
)
(14)
For simplicity, F ib,n is cache efficiency coefficient brought
by the long-term utility of the files needed by users from the
cache, which can be written by
F ib,n =
1
M ib,n
Mib,n∑
f=1
cf,b (15)
where M ib,n is the files number required by ith user on nth
cluster of BS b. The cache efficiency is an uncertain field,
as the modeling of cache efficiency is still studied by many
works. Nevertheless, this is beyond the scope of our paper
since we focus on a caching strategy with a known cache
efficiency.
Due to the high bandwidth of THz network, the cached files
can not fully satisfy the requests. So some of the data needed
by users need to be fetched from MBS through the fronthaul
link and the capacity of the fronthaul link is often limited.
Then, the fronthaul link capacity constraint can be formulate
as:
RFHb ≤ CFHb ,∀b ∈ B (16)
It can be concluded that only when the fronthaul link capacity
is infinite, can it reach the rate of cached network. The
fronthaul link capacity restriction and no files needed by users
in the local cache together limit the user’s transmission rate.
D. Power Consumption Model
The total power consumption is composed of transmitting
power and circuit power consumption, and the total power
consumption of BS b can be expressed as
Pb = P
c
b + ξ(
N∑
n=1
Pb,n) (17)
where ξ is the inefficiency of the PA in THz networks, P cb is
the circuit power consumption of BS b which is given by
P cb = PB +NRPR +NTPP +NTPA (18)
where PB is the power consumption of baseband, PR is the
power consumption of per RF chain, PP is the power con-
sumption of per phase shifter, PA is the power consumption of
per power amplifies. For sub-connected structure, the number
of phase shifters is NT , not NTNR in full-connected structure.
E. Problem Formulation
In this subsection, we propose an resource allocation prob-
lem by studied user clustering, hybrid precoding and power
allocation subproblems.
EE is defined as the ratio of the profit brought by the
long-term utility of capacity to the total power consumption.
Further, the system EE ηEE can be written as
ηEE =
B∑
b=1
N∑
n=1
Lb,n∑
i=1
(
1 + F ib,n
)
Rib,n
P cb + ξ(
N∑
n=1
Pb,n)
(19)
Based on the above system model, we define THz-NOMA
network utility function to design user clustering, hybrid
precoding and radio resource management in cached network
with limited fronthaul link capacity. Accordingly, the problem
can be modeled as follows
max ηEE(Ab,db,n, pb,n, ρ
i
b,n) (20)
s.t. C1 :
N∑
n=1
‖Abdb,n‖2 ≤ 1,∀b ∈ B
C2 : RFHb ≤ CFHb ,∀b ∈ B
C3 :
N∑
n=1
pb,n ≤ Pmaxb ,∀b ∈ B
C4 :
Lb,n∑
i=1
ρib,n = 1,∀b ∈ B,n ∈ N
(21)
where C1 denotes the normalization limitation of precoding
vectors, C2 denotes fronthaul link capacity constraint, C3 and
C4 are the total power limitations. C3 guarantees that the sum
of power on all beams does not exceed the maximum transmit
power Pmaxb of BS b. C4 guarantees that the sum of power
control factors for all users on each beam is 1.
III. USER CLUSTERING AND HYBRID PRECODING
In this section, the user clustering and hybrid precoding
are designed carefully. In particular, by effectively utilizing
the transmission characteristics of NOMA, a fast convergent
machine learning algorithm is proposed to realize user cluster-
ing. Further, the hybrid precoding of THz-NOMA system is
proposed to reduce the interference between users and achieve
performance gains.
In THz communication, high antenna gains are advocated to
remedy the high path loss. With the utilization of high-gain an-
tennas, the transmission paths will become highly directional
[24]. The strong directional transmission characteristic of THz
makes the user channel highly correlated, which is beneficial to
the realization of NOMA, and makes the network obtain higher
capacity and support more users. Based on channel correlation,
the user clustering and hybrid precoding are developed, they
ensure that the interference between beams is minimized and
the network throughput is maximized.
A. User Clustering
In this subsection, an enhanced K-means based user clus-
tering scheme is proposed. In order to reduce the interference
inter-beams, it is better to have strong correlation among users
in a cluster. In large-scale MIMO systems, it is very difficult
to find the optimal solution to the user clustering problem. In
order to overcome the computational overhead of exhaustive
search, some existing sub-optimal algorithms can solve the
complex user clustering problem.
The authors of [17] proposed a cluster head selected (CHS)
scheme, in which cluster head are fixed, channel correlation
is not fully considered, and is not the optimal solution. In
addition, match theory is introduced to solve complex user
clustering problems [25], [26], which has low complexity, but
don’t consider the learning characteristics of the algorithm
itself. The machine learning algorithm [27], [28] which utilizes
the correlation characteristics of CSI provides a new idea to
study user clustering in MIMO-NOMA. The algorithm can
converge to the global optimum approximately, but the initial
cluster heads are set randomly without considering the network
performance, the convergence speed is slow, and the user
setting premise is not standardized.
In order to realize machine learning and clustering, it is very
important to establish a quantitative feature set and a measure
function about the target set. Further, the channel correlation
parameter of channel vectors hu1 and hu2 can be expressed
as
M (hu1 ,hu2) =
∣∣hHu1hu2∣∣∥∥hHu1∥∥2‖hu2‖2 (22)
The K-means based algorithm is sensitive to initial cluster-
ing centers, which results in the fluctuation with the different
initial clustering centers. To overcome this shortcoming, an
enhanced K-means based user clustering scheme considering
the initial cluster-head settings is proposed as described in
Algorithm 1, which can achieve faster convergence.
Algorithm 1 Enhanced K-means based User Clustering
Scheme
Input User set U , the number of cluster N , channel vectors
H;
1) Determine the initial cluster head set Θ
′
1: Random select a user as the first cluster head Θ
′
1
2: for n = 2 to N do
3: Θ
′
n= arg max
u∈U−Θ
n−1∑
i=1
M
(
hu,Θ
′
i
)
;
4: end for
2) The K-means iteration step (update cluster head)
1: repeat
2: For each user u, calculate M
(
hu,Θ
′
i
)
, i = 1, · · ·N ;
3: The user u belongs to the cluster with the smallest
distance from it.
4: Recalculating cluster centers Θ
′
n =
1
|Lb,n|
∑
u∈Ub,n
hu
5: until the cluster members don’t change;
Output User set Ub,n and channel vector of cluster head hb,n
The Algorithm 1 adopts the iterative updating method. The
advantage of Algorithm 1 is that users with less channel error
should be selected as much as possible in the first step of se-
lecting initial clustering centers, rather than random selection.
The k initial clustering centers are selected according to the
channel correlation parameter. The first cluster center (n = 1)
is selected by the random method. Then, the lower the channel
correlation with the current n cluster center users, the higher
the probability that users are selected as the n + 1 cluster
center, when n initial cluster centers have been selected.
For complexity analysis, assuming that convergence is
achieved through t iterations, the asymptotic time complexity
can be expressed as O(tNBU), but the complexity of cluster
head selected scheme is O(tNBU2) and the complexity of
exhaustive search is O(BU2N+1).
B. Analog Precoding
In THz band network, precoding technology in MIMO can
effectively compensate for path loss, but it requires lower com-
plexity and larger antenna size. Therefore, efficient precoding
in THz-MIMO is particularly important. The sub-connection
structure can greatly reduce the number of phase shifters
corresponding to RF chain.
Using the classical two-stage scheme, we consider hybrid
precoding, including baseband digital precoding and antenna
subarray analog precoding. For THz transceiver, the size and
computation of the phase shifter are limited, and the power
consumption of the phase shifter has an impact on the network
performance. We consider Q-bits quantized phase shifters in
each antenna subarray [29].
Based on cluster head obtained in last subsection, sub-
connected analog precoding is designed to increase antenna
gain according to the channel vectors of cluster heads. conse-
quently, the sth element of analog precoding vector of cluster
n of BS b can be expressed by:
asubb,n (s) =
1√
NsubT
ej
2piω
2Q , u ∈ {1, 2, · · · , NsubT } (23)
where quantized phase can be given by
ω = arg min
ω∈{0,1,··· ,2Q−1}
∣∣∣∣2piω2Q − angle {hb,n(s)}
∣∣∣∣ (24)
C. Digital Precoding
After user clustering and analog precoding, digital Precod-
ing is considered to eliminate MCI. The baseband precoder Db
changes the amplitude and phase of input complex symbols. In
baseband, we consider a low-dimensional channel equivalent
matrix Ĥb based on cluster heads obtained by Algorithm 1:
Ĥb = [hb,1Ab,hb,2Ab, · · · ,hb,NAb] (25)
Then, in order to solve the conventional MIMO-NOMA
problem, a low-complexity zero-forcing precoding is pro-
posed. Without losing generality, Ĥb is used for low-
dimensional baseband precoding. The digital precoding matrix
can be given by
D̂b = [db,1,db,2, · · · ,db,N ] = Ĥb
H
(
ĤbĤb
H
)−1
(26)
By introducing column power normalizing, the baseband
precoding matrix can be expressed as
Db =
[
db,1
‖Abdb,1‖2
,
db,2
‖Abdb,2‖2
, · · · , db,N‖Abdb,N‖2
]
(27)
Up to now, user clustering and hybrid precoding have been
designed. In order to decode smoothly, users need to be
indexed and sorted after user clustering and hybrid precoding.
For each cluster, reorder user according to equivalent gain as
the following rule:
∥∥∥h1b,nAbdb,n∥∥∥
2
≥
∥∥∥h2b,nAbdb,n∥∥∥
2
≥ · · · ≥
∥∥∥hLb,nb,n Abdb,n∥∥∥
2
(28)
So far, hybrid precoding has been carefully designed to
eliminate interference. In addition, how to utilize limited
energy has not been solved under the condition of low trans-
mission power and huge data rate of THz network. In the next
section, power optimization for THz-NOMA network will be
studied to max the EE in (20).
IV. POWER OPTIMIZATION
Terahertz radiation power is low, so it is a challenge to meet
the carrier power requirements of communication. Therefore,
it is necessary to study the THz network combined with
power optimization of multi-antenna technology to alleviate
the problems of low output power and low energy conversion
efficiency of THz source. Nowadays, there are many studies
on power optimization in MIMO-NOMA network such as
[15] [30] [31]. The introduction of cache guarantees network
capacity. However, the capacity limitation of the fronthaul
links also poses a challenge to power optimization in THz
MIMO-NOMA network, since the power of different users is
coupled. To solve so intractable problem, a distributed resource
allocation via ADMM is proposed considering imperfect SIC.
After the user clustering and hybrid precoding, power allo-
cation is utilized to enhance the EE. Given the reordered user
gains h
i
b,n, hybrid precoding matrixs Ab and Db, the power
allocation subproblem can be expressed as
max ηEE(pb,n, ρ
i
b,n)
s.t. C2, C3, C4
(29)
For power domain NOMA network, SIC technique is intro-
duced to reduce intra-cluster interference. In this way, users
with strong channel gain can remove the interference caused
by users with weak channel gain. The SIC technique and
effective user clustering scheme together effectively reduce the
multiple interference for MIMO-NOMA network. However,
in the practical scenario, it may not be practical to assume
the perfect SIC at the user terminal. Because there are still
some serious implementation problems to SIC, such as limited
computing power and error propagation [32]. After decoding
with imperfect SIC, the received signal of ith user at nth
cluster in BS b is represented as (30) at the bottom of this
page, where φ is the cancellation error arising from imperfect
SIC, pb,n,i = ρib,npb,n is the transmit power of ith user at nth
cluster in BS b expressed in terms of the power control factor
and transmit power of the cluster.
Then, the SINR of ith user at nth cluster in BS b can be
rewritten by
γ̂ib,n=
pb,n,i
∥∥∥h¯ib,nAbdb,n∥∥∥2(
i−1∑
j=1
pb,n,j + φ
Lb,n∑
j=i+1
pb,n,j
)∥∥∥h¯ib,nAbdb,n∥∥∥2
+
N∑
m=1,m6=n
pb,m
∥∥∥h¯ib,nAbdb,m∥∥∥2σ2n+
.
(31)
Furthermore, the EE of THz system can be rewritten by
η̂EE =
B∑
b=1
N∑
n=1
Lb,n∑
i=1
1
Pb
(
1 + F ib,n
)
R̂ib,n
=
B∑
b=1
N∑
n=1
Lb,n∑
i=1
W
N
(
1 + F ib,n
)
log2
(
1 + γˆib,n
)
P cb + ξ(
N∑
n=1
Pb,n)
(32)
Specifically, we consider a dinkelbach-style algorithm to
transform the original nonlinear optimization problem of frac-
tional program form into an equivalent parameterized subtrac-
tive form function: The utility function of problem (29) can
be rewritten with a subtractive-form by
f (η̂∗EE) =
B∑
b=1
N∑
n=1
Lb,n∑
i=1
(
1 + F ib,n
)
R̂ib,n − η̂∗EE
B∑
b=1
Pb (33)
where parameter η̂∗EE is an auxiliary variable and is used to
scale the weight of Pb. Clearly, f(η̂∗EE) is a convex function
with respect to η̂∗EE . Therefore, solving (29) is equivalent to
finding the roots of equation f(η̂∗EE) = 0. Then, the resource
allocation problem of (29) can be rewritten by
max
pb,n,i
B∑
b=1
N∑
n=1
Lb,n∑
i=1
(
1 + F ib,n
)
R̂ib,n − η̂∗EE
B∑
b=1
N∑
n=1
ξPb,n
(34)
s.t. C2′ : R̂THb ≤ CTHb ,∀b ∈ B
C5 :
N∑
n=1
Lb,n∑
i=1
pb,n,i ≤ Pmaxb ,∀b ∈ B
(35)
Furthermore, distributed resource allocation via ADMM is
utilized to work out optimal power assignment problem. More
specific introduction about the ADMM method can be cap-
tured in [33] [34]. Before utilizing the unscaled-form ADMM
to design the power assignment problem, we firstly present two
parameters, i.e, X and Z. They are both the auxiliary vectors.
X denotes the all distributed power elements of each user. Z
is a global auxiliary vector and its each factor correspond to
one in X . Moreover, we define Γ as the set of variable vectors,
which satisfy constraint C2′. Then, the indicator function is
introduced by g (Z) = 0 when Z ∈ Γ, otherwise g (Z) = +∞.
On the basis of the above introduction, the power optimization
problem (34) is changed to
min
X
 η̂
∗
EE
B∑
b=1
N∑
n=1
ξPb,n + g (Z)
−
B∑
b=1
N∑
n=1
Lb,n∑
i=1
(
1 + F ib,n
)
R̂ib,n

s.t.X − Z = 0
(36)
ŷib,n = h¯
i
b,nAbdb,n
√
pb,n,is
i
b,n︸ ︷︷ ︸
desired signal
+ h¯ib,nAb
N∑
j=1,j 6=n
db,jxb,j︸ ︷︷ ︸
MCI
+ h¯ib,nAbdb,n
i−1∑
j=1
√
pb,n,js
j
b,n + φ
Lb,n∑
j=i+1
√
pb,n,js
j
b,n

︸ ︷︷ ︸
residual ICI
+υib,n︸︷︷︸
noise
(30)
In the unscaled form, the augmented Lagrangian Lµ is given
as follows
Lµ = η̂
∗
EE
B∑
b=1
N∑
n=1
ξPb,n −
B∑
b=1
N∑
n=1
Lb,n∑
i=1
(
1 + F ib,n
)
R̂ib,n
+ g (Z) + λT (X − Z) + µ
2
‖X − Z‖22
(37)
where λ is the vector of dual variable, µ > 0 is the predefined
augmented Lagrangian parameter. In order to work out the
power assignment problem, we design the following steps
Xi+1 = arg min
X

ηˆ∗EE
B∑
b=1
N∑
n=1
ξPb,n
−
B∑
b=1
N∑
n=1
Lb,n∑
i=1
(
1 + F ib,n
)
R̂ib,n
+(λi)T
(
X − Zi)+ µ2 ∥∥X − Zi∥∥22

Zi+1 = arg min
Z
[
(λi)T
(
Xi+1 − Z)+ µ2 ∥∥Xi+1 − Z∥∥22]
λi+1 = λi + µ
(
Xi+1 − Zi+1)
(38)
where i is the iteration index. Then, the ADMM power
allocation scheme for THz-NOMA-MIMO downlink network
is described in detail in Algorithm 2 below.
Algorithm 2 Distributed Energy-efficient Algorithm for Power
Allocation via ADMM
1: Initialize Set iteration index t = 1, auxiliary variable
η∗EE = 0, stop standard θ
∗ and the power is allocated
equally
2: repeat
3: Set i = 1
4: repeat
5: update Xi+1 according to (38) ;
6: update Zi+1 according to (38) ;
7: update λi+1 according to (38) ;
8: i = i+ 1
9: until converge
10: calculate η∗EE = η
t+1
EE according to (32);
11: calculate θ = ηt+1EE − ηtEE
12: t = t+ 1
13: until θ ≤ θ∗
For complexity analysis, assuming that convergence is
achieved through T iterations. In Algorithm 2, we need to up-
date the power for each iteration. The calculation of (32) for B
BSs with U users needs BU operations. Suppose X converges
within T ∗ iterations. The updates of X needs O(T ∗BU)
operations. Therefore, the total complexity of Algorithm 2 is
O(T ((1 + T ∗)BU)).
V. NUMERICAL SIMULATION AND ANALYSIS
In this section, we provide the simulation results to verify
the performance of user clustering, hybrid precoding and
power allocation methods. Specifically, we compare the pro-
posed user clustering Algorithm 1 with the machine learning
algorithm [28] and cluster head selection algorithm [17]. In
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Fig. 3. MSE comparison versus number of iterations under different user
cluster algorithm.
particular, the effects of different hybrid precoding schemes
on total EE and sum rate are compared. Furthermore, the com-
parison of EE with different cache efficiency coefficients and
forward link capacity constraints is also shown. In addition,
the advantages of NOMA system are verified by comparing
OMA system.
In this work, it is important to select frequency intelligently
to avoid the spectrum with path loss peak. In order to provide
large channel capacity with low path loss, we choose 0.34
THz carrier frequency in directional propagation to avoid path
loss peak [20]. In downlink THz-NOMA system, we assume
that MBS are in the center, SBS is in the MBS coverage, and
all users are randomly allocated within the coverage of their
associated BS. In this simulation, the radius of SBS is set to 5
meters, the minimum distance between user is 0.1 meter, and
the minimum distance between BS and user is 0.5 meters. The
system bandwidth W is set to 10 GHz. The AWGN power
spectral density N0 is set to -174 dBm/Hz. To reduce the
computational complexity, we set the number of SBS and users
per BS to B = 2; Ub = 15, respectively. The cache efficiency
used in the simulation is 0.3. The maximum transmit power
of SBS is defined as 5W. The power consumption of baseband
PB is 200mW, the power consumption of per RF chain PR is
160mW ; the power consumption of 4-bit phase shifter PP is
40mW; and the power consumption of the PA PP is 20 mW.
The power consumption of the phase shifter with different
quantization bits is different, which consumes 10mW per bit.
Moreover, the inefficiency of the PA ξ is 1/0.38. In the process
of atmospheric attenuation, the contribution of water vapor
molecules to the performance of THz channels is significantly
greater than that of other air molecules. For simplification, we
only consider the effect of water molecules in the horizontal
term of atmospheric absorption, which will be used in our
simulation. The parameters of frequency absorption coefficient
K(f) are shown in [23].
Fig. 3 studies the comparison of mean square error (MSE)
with the number of iterations under different user clustering
algorithms. The goal of user clustering is to minimize the
sum of MSE among all clusters, that is to maximize the
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Fig. 4. The total EE comparison versus cancellation error arising from SIC
under different user cluster algorithm.
channel correlation of users in each cluster. The convergence
of MSE under K-means and proposed enhanced K-means
for user clustering can be seen in the figure. Obviously, the
proposed Algorithm 1 can achieve convergence faster than K-
means algorithm. As shown in the Fig. 3, the MSE of the
proposed Algorithm 1 at the first iteration is close to the cluster
head selection algorithm, much lower than the MSE of K-
means algorithm. Because the cluster head selection algorithm
does not iterate after the cluster head is determined, the MSE
remains at a fixed value.
Fig. 4 studies EE of user clustering scheme based on differ-
ent algorithms. Specifically, considering cancellation error φ of
imperfect SIC, with the increase of cancellation error, the intra-
cluster interference received by users increases significantly,
resulting in the decrease of EE of the system. Fig. 4 shows
that the proposed algorithm can achieve higher EE than other
algorithms, which shows that the proposed algorithm can
effectively divide users. For K-means user clustering, although
user centers can be found well according to user’s CSI,
the initial random selection of cluster centers will affect the
convergence of the system and then affect the EE of the
system. For random clustering, the EE of THz-NOMA-MIMO
system decreases seriously. This is because of serious inter-
cluster interference, it is difficult for random clustering to get
more benefits from NOMA scheme. Therefore, in the later
simulation analysis, the enhanced K-means algorithm is used
for user clustering and the value of φ is set to 0.005.
Fig. 5 shows the EE comparison against different µ im-
plemented by ADMM algorithm for power optimization. In
the simulation, the number of transmitting antennas is 64, and
the hybrid precoding adopts partial connection scheme. As
shown in the Fig. 5, the EE increases with the number of
iterations until convergence. The EE of the system eventually
converges from 2.2×1011 bps/J/Hz to 2.3×1011 bps/J/Hz. The
system EE tends to be stable after 10 iterations, which verifies
the convergence of the Algorithm 2 for power optimization
problem discussed in Section IV. It is noteworthy that EE
converges faster as µ increases. This verifies the effect of µ on
the convergence of the ADMM algorithm for power allocation.
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Fig. 5. Convergence in terms of the total EE via ADMM of different µ.
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power of per phase shifter and different multiple access method of NOMA
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In the later simulation, the value of µ is set to 0.05 in order
to converge faster.
Fig. 6 shows the EE comparison against different number
of users of considered 4 schemes, where the number of
clusters is 4, the number of users increased from 4 to 20
and the hybrid precoding adopts sub-connection scheme. We
represent OMA with FDMA, in which each channel can only
be assigned to one user at a time. It can be seen that NOMA
system improves the EE of the system significantly compared
with OMA system. The system EE of NOMA-MIMO system
increases significantly with the increase of users, while OMA-
MIMO system is the opposite. This is because the overlay
of multiple users in the same cluster increases the load of
the network, so that more users can get more bandwidth,
which greatly increases the system capacity. In addition, the
comparison of system EE is also taken into account under
different power consumption Pp of phase shifter. It can be seen
that for NOMA-MIMO system and OMA-MIMO system, the
EE realized when Pp is 20 mW is larger than that when Pp
is 30 mW. This is because the power consumption caused by
the phase shifter will directly affect the system EE.
Fig. 7 shows EE against the different number of antennas
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precoding schemes.
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power allocation algorithms.
under different precoding schemes, where the number of
clusters is 2, the number of users is 15. It can be seen
that the hybrid precoding of NOMA-MIMO system with sub-
connected structure can achieve higher EE than digital ZF
precoding. Moreover, the impact of quantization bits of phase
shifter is also validated. As can be seen from Fig. 7, the THz-
NOMA system with low bits of phase shifter can achieve
higher EE than that with high bits of phase shifter. This is
because the higher quantization bits leads to higher power
consumption and affects energy efficiency.
Fig. 8 depicts the EE performance under different power
allocation algorithms, where the number of clusters is 2, the
number of users is 15. As the number of antennas increases,
the EE of THz-NOMA systems with sub-connected hybrid
precoding decreases. From the Fig. 8, it can be seen that our
proposed power allocation algorithm can achieve higher EE
than random power allocation and equal power allocation.
Fig. 9 shows the impact of different cache efficiency on
the EE of the system. When the cache efficiency increases
gradually, the value of EE increases with the increase of F .
This is because the introduction of local cache files greatly
increases the user’s sum rate. Users can directly obtain the
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Fig. 9. The total EE comparison versus number of antennas under different
cache efficiency.
required files through the local cache at BS. When more files
are retrieved from the cache, the profit brought by the long-
term utility of capacity becomes more and more obvious. In
addition, the EE decreases with the increase of the number
of transmitting antennas, due to the power consumption of
transmitting antennas, which has been discussed in Fig. 7 and
Fig. 8.
VI. CONCLUSIONS
In this paper, we study the maximization of EE problem
in THz-NOMA-MIMO systems and design user clustering,
hybrid precoding and power optimization strategies. A fast
convergence scheme for user clustering in NOMA-MIMO
system by using enhanced K-means machine learning al-
gorithm is proposed. Considering the power consumption
and implementation complexity, the hybrid precoding scheme
based on the sub-connection structure is adopted. Considering
the fronthaul link capacity constraint, we design a distributed
ADMM algorithm for power allocation to maximize the EE
of THz-NOMA system with imperfect SIC. The simulation
results show that the proposed user clustering scheme can
achieve faster convergence and higher EE, the design of the
hybrid precoding of the sub-connection structure can achieve
lower power consumption and power optimization can achieve
a higher EE for the THz cache-enabled network.
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